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Introduction {#s1}
============

Climate change is expected to increase average summer temperatures, as well as the frequency of heat-waves and severe storms ([@c12]; [@c20]). With these changes, an increase in power outages may occur due to increased numbers of high-electricity-demand days in the summer and storm-related damage ([@c19]). Power outages pose a public health and safety concern as they can affect public transit systems; elevators and water pumping equipment; food refrigeration; electrically powered medical devices; and regulation of indoor temperatures, which could increase heat and cold stress ([@c6]; [@c21]) and exacerbate certain chronic conditions ([@c23]; [@c31]). Previous studies reported increases of carbon monoxide poisonings during power outages associated with hurricanes and major winter storms because of incorrect use of devices for generating electricity, heating, or cooking ([@c7]; [@c9]; [@c26]).

Large-scale power outages also may exacerbate chronic health conditions, leading to hospitalization or death. Beginning on 14 August 2003, equipment failure originating in Ohio resulted in power outages across the northeastern United States and southern Canada ([@c39]). The outage affected New York City's (NYC) mass-transit system, stranding residents on their way home from work and leaving many people trapped in high-rise buildings without functioning elevators or equipment to raise potable water ([@c4]; [@c10]). Subsequent studies reported evidence of increased mortality ([@c2]), hospitalizations for respiratory conditions ([@c22]), and emergency medical service calls regarding medical device failure ([@c35]).

In NYC, electricity is generated by a power source and transmitted to transformers, which are connected to local distribution systems composed of underground networks and overhead load areas ([@c30]) (hereafter referred to as network). The networks deliver electricity to individual electric meters, commonly referred to as customers, supplying a range of buildings, including single-family houses and apartment buildings with multiple residential units. Power outages can be widespread (e.g., the citywide August 2003 outage) or can affect only one or a few networks. For example, on 6 July 1999, the entire Washington Heights network, comprising 68,888 customers (electric meters) serving more than 200,000 residents, lost power for 18 h ([@c30]). Outages can also affect a subset of customers within an individual network, and the numbers and specific network customers affected can vary over the course of a single localized outage. For example, on 17 July 2006, an outage in the Long Island City network caused up to 65,000 customers (174,000 residents) to lose power for 10 d ([@c11]; [@c28]). These localized outages both coincided with extreme heat events, when power usage typically is at its peak ([@c27]).

Several studies have been published on the widespread August 2003 outage ([@c2]; [@c22]; [@c35]), but information on the health impacts of localized power outages, which would help inform preparedness and resiliency efforts, is limited. To address this gap, we performed two complementary analyses of the potential health impacts of localized power outages in NYC. The first assessed health outcomes associated with the 1999 Washington Heights (1999 WH) and 2006 Long Island City (2006 LIC) outages, and the citywide outage in August 2003. In addition, we extended the analysis of health outcomes associated with the citywide 2003 outage to include more specific causes of mortality and hospitalization. For the second analysis, we used data from the New York State Public Service Commission (NYSPSC) to identify localized power outages within NYC during January 2002--June 2014, including outages that affected only subsets of customers within individual networks, and performed pooled analyses of all eligible outages during warm months (May--September) and all eligible outages during cold months (October--April) to estimate season-specific health effects. Protocols for both analyses were approved by the NYC DOHMH Institutional Review Board (IRB).

Methods {#s2}
=======

Individual Outage Analysis (1999, 2003, and 2006) {#s2.1}
-------------------------------------------------

The first set of analyses ([Table 1](#t1){ref-type="table"}) estimated the effects of the citywide outage of 14--15 August 2003 ([Figure 1A](#f1){ref-type="fig"}), the Washington Heights network outage of 6--7 July 1999 ([Figure 1B](#f1){ref-type="fig"}), and the Long Island City network outage of 17--26 July 2006 ([Figure 1C](#f1){ref-type="fig"}) that affected a subset of network customers, including all customers in ZIP codes 11103 and 11104, and a subset of customers in the 11101, 11102, 11105, 11106, 11370, and 11377 ZIP code areas. Information on each outage, including dates, affected areas, and number of customers without power, were determined from public reports ([@c11]; [@c28]; [@c30]; [@c39]). We used methods similar to those used in recent studies of power outages or heat waves ([@c1], [@c2]; [@c22]) where numbers of health events (mortality and hospitalizations) that occurred during power outages were compared with events that occurred on other days during a study period that was defined for each outage and health outcome, as indicated below. In addition, we also estimated effects for different lag periods.

![NYC networks affected by the three individual outages. The darker blue areas depict the networks that lost power during (*A*) the 14--15 August 2003 citywide outage; (*B*) the 6--7 July 1999 Washington Heights outage; and (*C*) the July 17--26, 2006 Long Island City outage. Source: New York State Public Service Commission (2015) and NYC Office of Emergency Management.](EHP2154_f1){#f1}

###### 

Outage characteristics and health outcomes for localized outages (1999 and 2006) and citywide outage (2003), New York city.

Table 1 lists variables in the first column; the corresponding details for Washington Heights 1999, New York City 2003, and Long Island City 2006 are listed in the other columns.

  Variable                                                                   Washington Heights 1999       New York City 2003                         Long Island City 2006
  ------------------------------------------------------------------------- ------------------------- ---------------------------- -----------------------------------------------------------
  Outage Information                                                                                                                                             
   Outage dates                                                                     July 6--7                August 14--15                                 July 17--26
   Networks affected (N)                                                                1                          66                                           1
   Customers (meters) affected (N)                                                   68,888                    2,849,277                    65,000[^*a*^](#t1n1){ref-type="table-fn"}
   Maximum heat index or temperature F[^*b*^](#t1n2){ref-type="table-fn"}              110                         94                                          99
   Weather event                                                                    Heatwave                      None                                      Heatwave
  Mortality                                                                                                                                                      
   Study Period                                                              May--Sept., 1997--2001      May--Sept., 2001--2005     May--Sept., 2002--2010[^*c*^](#t1n3){ref-type="table-fn"}
   All-cause deaths, N (daily $\text{mean} \pm \text{SD}$)                    2,196 ($2.9 \pm 1.7$)    103,931 ($136.0 \pm 13.4$)                     2,918 ($2.1 \pm 1.4$)
   Non-external deaths, N (daily $\text{mean} \pm \text{SD}$)                 2,069 ($2.7 \pm 1.6$)    98,349 ($128.7 \pm 12.9$)                      2,761 ($2.0 \pm 1.4$)
  Hospitalizations                                                                                                                                               
   Study Period                                                                        NA                 May--Sep, 2001--2005       May--Sep, 2002--2010[^*c*^](#t1n3){ref-type="table-fn"}
   CVD, N (daily $\text{mean} \pm \text{SD}$)                                          NA              176,558 ($231.1 \pm 37.7$)                     4,700 ($3.4 \pm 1.9$)
   Respiratory, N (daily $\text{mean} \pm \text{SD}$)                                  NA               48,732 ($63.8 \pm 19.8$)                      1,029 ($0.7 \pm 0.9$)
   Renal, N (daily $\text{mean} \pm \text{SD}$)                                        NA               44,864 ($58.7 \pm 11.2$)                      1,417 ($1.0 \pm 1.0$)

Note: CVD, cardiovascular disease; NA, data not available; SD, standard deviation.

The 2006 LIC outage affected only part of the LIC network, including all customers in the 11103 and 11104 ZIP code areas, and parts of the 11101, 11102, 11105, 11106, 11370, and 11377 ZIP code areas.

The maximum heat index (defined when temperature was $\geq 80{^\circ}F$ and/or relative humidity was $\geq 40\%$) or temperature on the first day of the outage is shown.

Study period excluded 14--15 Aug. 2003 (citywide outage).

### Health outcome data and definitions. {#s2.1.1}

For all health outcomes and outages, we limited comparison time periods to May--September because all three outages occurred during the summer and thus might be associated with health impacts related to heat. All analyses were restricted to NYC residents who were hospitalized in NYC hospitals, or who died in NYC, with each individual's residential address used to link them to a tax parcel number to identify power-outage exposure (described below). Those without a residential address were excluded, including individuals flagged as homeless (15% of all hospital admissions) and non-United States residents (0.02% of all hospital admissions).

#### Mortality. {#s2.1.1.1}

Study periods during May--September for analyses of mortality were 1997--2001 for the 1999 WH outage, 2001--2005 for the 2003 citywide outage, and 2002--2010 (excluding the citywide outage days of 14--15 Aug. 2003) for the 2006 LIC outage. Mortality data were obtained from the NYC DOHMH Office of Vital Statistics, including *International Classification of Diseases* (ICD) codes for underlying cause of death (ICD-9 for deaths during 1997--1998; ICD-10 for deaths during 1999--2010), death certificate number, date of death, borough of residence, and residential address. For all three outages, separate analyses were performed for all-cause mortality (all deaths), and for nonexternal mortality (ICD-9: 001-799; ICD-10: A00-R99). In addition, for the 2003 citywide outage, we examined mortality due to external causes (800-999, excluding intentional deaths E960-E969, E979, E999.1; S00-Z99, excluding X85-X89, X9, Y0, Y87.1, U01, U02), cardiovascular disease (CVD) (390-448; I00-I79), and respiratory disease (490-497; J40-J47), and further subdivided CVD mortality into deaths due to hypertensive heart disease (402; I11), acute myocardial infarction (410; I21, I22), other forms of chronic ischemic heart disease (414, I25), heart failure (428; I50), and cerebrovascular disease (430-434, 436-438; I60-I69).

#### Hospitalizations. {#s2.1.1.2}

Data on patients admitted through hospital emergency departments (to capture acute impacts of outages) were obtained from the New York State Department of Health's Statewide Planning and Research Cooperative System ([@c29]) (New York State Department of Health), including principal and other diagnoses (ICD-9), discharge number, residential address, and date of admission. Analyses of hospitalizations were limited to the 2003 citywide outage and the 2006 LIC outages, for which hospitalization data were available for the same comparison time periods used in analyses of mortality. For both outages, separate analyses were performed for hospitalizations with a principal diagnosis of CVD (390-448), respiratory disease (490-497), and renal disease (580-589, 590-599,788). In addition, for the 2003 citywide outage, we performed separate analyses of hospitalizations with a principal diagnosis of hypertensive heart disease (402), acute myocardial infarction (410), other forms of chronic ischemic heart disease (414), heart failure (428), cerebrovascular disease (430-434, 436-438), chronic bronchitis (491), asthma (493), and chronic airway obstruction not classified elsewhere (496), and a principal or secondary diagnosis of medical device failure (V46).

### Power outage exposure. {#s2.1.2}

All individual-level health data were geocoded to a tax parcel number based on residential address and linked to one of 66 NYC electric-grid networks identified in the NYSPSC data (described in the methods for pooled analyses below). The 2003 citywide power outage exposure was defined for deaths and hospitalizations that occurred within all NYC electric grid networks on 14--15 August 2003. For the 1999 WH and 2006 LIC outages, we further identified residential addresses within the Washington Heights network or within the affected ZIP codes of the Long Island City network (listed above). Among these populations, the 1999 WH and 2006 LIC outage exposures were defined if deaths and hospitalizations occurred on 6--7 July 1999 or 17--26 July 2006, respectively. Maps of the networks impacted by the three individual outages were generated using ArcGIS Desktop (version 10.1; Environmental Systems Research Institute Inc.) ([Figures 1A, 1B, and 1C](#f1){ref-type="fig"}). The exposure classification for the 1999, 2003, and 2006 outages is unambiguous because every tax parcel within the defined outage boundaries was without power, unless the residence had alternate power sources.

### Meteorological data. {#s2.1.3}

Power outages during the warm months tend to occur on high-temperature days. To address possible confounding effects of days with high temperature and humidity, we included the daily maximum heat index (which is used by the National Weather Service for heat-advisory thresholds during the summer) in the time-series model. We computed hourly heat index using ambient temperature (${^\circ}F$) and relative humidity (%) for days where ambient temperature was $\geq 80{^\circ}F$ and relative humidity was $\geq 40\%$ ([@c36]). Temperature and relative humidity data were obtained from the National Oceanic and Atmospheric Administration, National Centers for Environmental Information (formerly the National Climatic Data Center) for NYC. The NYC station at LaGuardia Airport was selected for the study period because it had the most complete data and was highly correlated with the two other weather stations in NYC ([@c25]). When heat index was not defined, we used daily maximum temperature.

### Statistical analysis. {#s2.1.4}

To assess the relationship between each of the three individual power outages (1999 WH, 2003 citywide, and 2006 LIC) and health outcomes, we built Poisson time-series regression models with a distributed lag function, which allows us to consider the effects of the power outage distributed over multiple days prior to death or hospitalization. The distributed lag effects were fitted using the distributed lag nonlinear model (DLNM), R 'dlnm' package ([@c16]; R version 3.3.1) with unconstrained form for lags (e.g., lag days as strata). Each outage analysis spanned five to nine years, depending on the study period for the outage and health outcome being assessed. As noted above, the May--September 2002--2010 study periods used for analyses of mortality and hospitalization in association with the 2006 LIC outage excluded 14--15 August 14 2003, when the 2003 citywide outage occurred. For each outcome on day t, we used separate models to evaluate multiday lags, including the same day and the 1, 2, or 3 previous days ($\text{lag}_{01}$, $\text{lag}_{02}$, and $\text{lag}_{03}$) for each outage, anticipating that the extent of a lagged association may vary by outcome. We estimated cumulative relative risks (CRR for multiday lags) by summing estimated effects over p individual lag days (Model 1). When there was no indication of multiday lagged associations, we evaluated each lag day individually (same day and lagged 1, 2, or 3 d, indicated as $\text{lag}_{0}$, $\text{lag}_{1}$, $\text{lag}_{2}$, and $\text{lag}_{3}$). $$\begin{matrix}
{\,{Log}\left\lbrack {E\left( Y_{t} \right)} \right\rbrack = \beta_{0} + \sum\limits_{p = 0}^{3}\beta_{1p}\text{Out}_{t - p} + \sum\limits_{q = 0}^{3}\beta_{2q}\text{Temp}_{t - q} + \beta_{3}\text{DOW}_{t} + \beta_{4}Hol_{t} +} \\
{\,\beta_{5}\text{Year}_{t} + ns\left( {days,\, df = 3x\, years} \right)} \\
\end{matrix}$$

Outage days were modeled using a dichotomous indicator term. Effects of temperature (daily maximum heat index or daily maximum temperature) were modeled using distributed lags over q individual lag days (up to 3 d). Each model was also adjusted for day of the week (DOW, using seven indicator terms), holiday (dichotomous), year (indicator terms), and within-season temporal trends (using a natural spline of study days, with three degrees of freedom within each season). Health effects related to the events on 11 September 2001 were accounted for by including a dichotomous indicator term for this date in models of the 1999 WH and 2003 citywide outages. Sensitivity analyses were used to estimate outage effects without adjustment for temperature.

Pooled Analyses of Localized Outages by Season (2002--2014) {#s2.2}
-----------------------------------------------------------

For the second set of analyses, we estimated associations between localized outages and health outcomes by pooling data for outages that occurred during warm months (May--Sept.) and outages during cold months (Oct.--April). Estimates were pooled across networks for each season, and only one comparison period was defined for all outages in each pooled analysis, resulting in a single pooled estimate for each season, outcome, and lag period, as described in more detail below.

### Health outcome data and definitions. {#s2.2.5}

Outcomes included in the analyses were all-cause and nonexternal mortality; and hospitalization admitted through an ED with a principal diagnosis of CVD, respiratory disease, or renal disease. We used the same outcome definitions as for the analyses of individual outages and used NYC DOHMH Office of Vital Statistics data for mortality and NYSDOH SPARCS data for hospitalization (New York State Department of Health). Study periods for warm-weather outages were May--September 2002--2013 for mortality and hospitalizations, excluding 14--15 August 2003 and the LIC network to remove the effects of the 2003 citywide and 2006 LIC outages, respectively. Study periods for cold-weather outages were October--April 2002--2014 for mortality, excluding October 2012--April 2013 (the period affected by Superstorm Sandy), and 2002--2012 for hospitalizations.

### Power outage exposure. {#s2.2.6}

New York State (NYS) power outage data by electric-grid network was obtained from the NYSPSC Electric Outage Reporting System (EORS) from January 2002 to June 2014. Utilities across NYS are required to report outages to NYSPSC, which regulates them; however, we identified changes in outage reporting. Prior to 2012, NYSPSC requested from utilities only reports of outages during predicted significant weather events (e.g., winter storms, hurricanes). In 2012, EORS was automated for all utilities to provide outage reports regardless of cause (e.g., weather versus transmission problems) or likelihood, resulting in a higher frequency of power outages in the data after 2012. The duration of outages also could not be accurately ascertained from the NYSPSC data.

From EORS, 89 NYC electric-grid networks were identified. The electric-grid networks consisted of underground networks and overhead load areas. For some parts of NYC, these networks and areas are not mutually exclusive and can overlap within the same geography, which presented challenges in defining the boundaries of these areas. To overcome this limitation, we combined underground networks and overhead load areas that overlapped in 17 geographical areas. We also had to combine seven networks in the Rockaways due to inconsistencies in outage reporting resulting in 66 networks. Individual-level health data were geocoded based on residential address and linked to one of the 66 networks. We further excluded networks with low exposure ($\leq 1$ outage) and small health outcome counts (mean daily count $< 1$) resulting in a different number of networks for analyses of outages in each season with each outcome. The maximum number of networks included as having a warm-weather or cold-weather outage was 18 and 34, respectively. Maps of the networks identified as having warm-weather or cold-weather outages were generated using ArcGIS Desktop (version 10.1; Environmental Systems Research Institute Inc.) ([Figures 2A](#f2){ref-type="fig"} and [2B](#f2){ref-type="fig"}).

![NYC networks impacted by outages included in pooled analysis. The darker blue areas depict the maximum number of networks identified as having (*A*) warm-weather outages ($n = 18$); and (*B*) cold-weather outages ($n = 34$). Source: New York State Public Service Commission (2015).](EHP2154_f2){#f2}

The data included the number of electricity customers (electric meters) without power in each electric grid network at half-hourly intervals. For each day of the analyses, each network was dichotomized as having an outage or not based on a threshold of number of customers without power in the network: warm (May--September) outage days had a daily maximum of at least 1,000 electricity customers and cold (October--April) outage days as at least 75 electricity customers without power at any point. The cut-off for cold months was set lower because there were fewer electricity customers with outages during the cold season. Although only a fraction of the population in the involved network(s) was generally affected, all residences that were geocoded to a network that was classified as having an outage were classified as being affected by the outage in analyses.

### Statistical analysis. {#s2.2.7}

We estimated warm- and cold-weather outage relative risks and 95% confidence intervals for each network using Poisson time-series DLNM models consistent with the approach used for the individual outage analyses (Model 1). We evaluated individual and cumulative lags up to three days and included adjustments for temperature, day of the week, holidays, year, and within season temporal trends. Models of warm-weather outages adjusted for the daily maximum heat index or for daily maximum temperature when the heat index was not defined, using cumulative lags up to three days. Models to estimate effects of outages during cold months were adjusted for daily average temperature, also with cumulative lags up to three days. Temperature data were obtained from the National Oceanic and Atmospheric Administration, National Centers for Environmental Information for the NYC station at LaGuardia Airport, and heat index was calculated as described in the methods for individual outages above. In addition, we estimated associations between outages and health outcomes with temperature removed from the models. In separate analyses, we estimated associations between outages and health outcomes considering an alternative definition for network outages that specified a cut-off of at least 150 electricity customers without power for both warm and cold seasons.

Network-specific model coefficients and standard errors were pooled by meta-analysis methods using the R package 'metafor' ([@c41]) with random effects for networks. We tested for heterogeneity among the networks using the $I^{2}$ statistic ([@c18]). Because of varying daily counts of the health outcomes analyzed and expected uncertainties associated with the power-outage variable, both of which can influence statistical significance, our overall interpretation relied on the consistency of patterns of associations (lags and magnitude) across separate analyses, rather than statistical significance of individual results.

Results {#s3}
=======

Individual Outage Analysis (1999, 2003, and 2006) {#s3.1}
-------------------------------------------------

The 14--15 August 2003 power outage affected all 66 NYC networks and approximately 3 million electricity customers (8 million NYC residents) ([Figure 1A](#f1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). During the study period for the 2003 citywide outage (May--September 2001--2005), the mean daily count of all-cause deaths across the 66 networks (citywide) was $136 \pm 13.4$. The 1999 WH outage on 6--7 July affected only a single network (Washington Heights, 68,888 customers) ([Figure 1B](#f1){ref-type="fig"}), and the mean daily mortality count in the network during the May--September 1997--2001 study period was $2.9 \pm 1.7$. The 2006 LIC outage lasted for 10 d (17--26 July) but affected only part of the LIC network (approximately 65,000 customers) ([Figure 1C](#f1){ref-type="fig"}). The mean daily mortality count in the affected part of the LIC network during the May--September 2002--2010 study period was $2.1 \pm 1.4$ deaths per day. The 1999 WH and 2006 LIC outages were both associated with heat waves ([Table 1](#t1){ref-type="table"}).

All-cause and nonexternal-cause mortality were positively associated with the three individual outages when compared with nonoutage days during corresponding study periods ([Figure 3A](#f3){ref-type="fig"}, [Figure 3B](#f3){ref-type="fig"}, Table S1), with only the 2003 citywide outage association reaching statistical significance, defined as the 95% CI excluding 1. Associations with all-cause mortality were similar at all multiday lags, with a slight peak at $\text{lag}_{01}$ for the 2003 citywide outage \[$\text{CRR} = 1.41$ (95% CI: 1.24, 1.60)\] and 2006 LIC outage \[$\text{CRR} = 1.42$ (95% CI: 0.92, 2.18)\], and a peak at $\text{lag}_{03}$ for the 1999 WH outage \[$\text{CRR} = 2.40$ (95% CI: 0.69, 8.36)\]. Estimates were similar for nonexternal-cause mortality over the different lag periods ([Figure 3](#f3){ref-type="fig"}, Table S1).

![Associations of the 1999 Washington Heights outage, 2003 citywide outage, and 2006 Long Island City outage with (*A*) all-cause mortality; and (*B*) nonexternal-cause mortality. Cumulative relative risks (CRR) and confidence intervals (CI) are shown for all lag periods. Regression models adjusted for temperature effects, day of week, holiday, year, within-season temporal trends, and 11 Sept. 2001 (1999 WH and 2003 citywide outages only). 14--15 Aug. 2003 (citywide outage) was excluded from the 2006 LIC outage analysis.](EHP2154_f3){#f3}

The 2003 outage was more strongly associated with mortality due to external causes at $\text{lag}_{01}$ \[$\text{CRR} = 2.39$ (95% CI: 1.46, 3.93)\] (Table S2, Table S3), but was based on fewer deaths and less precise compared to associations with nonexternal-cause mortality. The 2003 outage was positively associated with most of the specific causes of death, but varied by lag period \[for example, $\text{lag}_{03}$ CRR for all $\text{CVD} = 1.47$ (95% CI: 1.11, 1.95); $\text{lag}_{0}$ RR for heart $\text{failure} = 3.16$ (95% CI: 1.63, 6.13); $\text{lag}_{03}$ CRR for ischemic heart $\text{disease} = 1.45$ (95% CI: 1.01, 2.09); $\text{lag}_{02}$ CRR for myocardial $\text{infarction} = 2.01$ (95% CI: 1.07, 3.76); and lag0 RR for $\text{stroke} = 1.74$ (95% CI: 0.95, 3.19)\] (Table S2, Table S3). The associations were inverse for mortality due to hypertension and positive for mortality due to respiratory diseases, but these were not statistically significant. Associations with specific causes of death were not evaluated for the 1999 WH or 2006 LIC outages due to small numbers of events.

Hospitalizations for respiratory diseases were positively associated with the 2003 citywide and 2006 LIC outages at all multiday lags; however, the associations peaked at $\text{lag}_{02}$ \[$\text{CRR} = 5.26$ (95% CI: 4.13, 6.70) and $\text{CRR} = 2.26$ (95% CI: 1.08, 4.74)\], respectively) ([Figure 4A](#f4){ref-type="fig"}, [Table 1](#t1){ref-type="table"}, Table S4). A weak, positive association was observed between the 2003 citywide outage and hospital admissions for CVD at $\text{lag}_{02}$ \[$\text{CRR} = 1.17$ (95% CI: 1.00, 1.37)\] ([Figure 4B](#f4){ref-type="fig"}, [Table 1](#t1){ref-type="table"}, Table S4). The 2003 citywide outage was not associated with renal disease hospitalizations on the same day and at $\text{lag}_{1}$, but positive associations were observed at lags 2 and 3, with the strongest association at $\text{lag}_{3}$ \[$\text{RR} = 1.28$ (95% CI: 1.07, 1.52)\] ([Figure 4C](#f4){ref-type="fig"}, [Table 1](#t1){ref-type="table"}, Table S4). These outcomes were not positively associated with the 2006 LIC outage.

![Associations of the 2003 citywide outage and 2006 Long Island City outage with (*A*) respiratory hospitalizations; (*B*) cardiovascular disease (CVD) hospitalizations; and (*C*) renal hospitalizations. Cumulative (CRR) and individual (RR) relative risks and confidence intervals (CI) are shown for all lag periods. Regression models adjusted for temperature effects, day of week, holiday, year, within-season temporal trends, and 11 Sept. 2001 (2003 citywide outage only). 14--15 Aug. 2003 (citywide outage) was excluded from the 2006 LIC outage analysis.](EHP2154_f4){#f4}

Associations between the 2003 citywide outage and hospitalizations due to heart failure and myocardial infarction were positive, consistent with associations with mortality due to these causes (Table S2, Table S5). Associations were generally inverse (nonsignificant) for ischemic heart disease and hypertension and null for stroke. The 2003 citywide outage was positively associated with hospitalizations for specific respiratory causes (Table S2, Table S5). CRRs with the largest magnitudes were 14.84 ($\text{lag}_{0}$, 95% CI: 9.79, 22.51), 4.07 ($\text{lag}_{03}$, 95% CI: 2.88, 5.25), and 7.31 ($\text{lag}_{02}$, 95% CI: 4.78, 11.19) for hospitalizations due to chronic airway obstruction, asthma, and chronic bronchitis, respectively. In addition, the 2003 outage was associated with increased hospitalizations for medical device failure with the largest association at $\text{lag}_{02}$ \[$\text{CRR} = 12.15$ (95% CI: 6.84, 21.58)\].

Removing temperature from all models resulted in changes in the magnitude of associations that varied depending on the outage and outcome (Table S1, Table S3, Table S4, Table S5). Generally, effect estimates of the 2003 citywide outage with most outcomes moved slightly further away from the null, whereas associations with the 2006 LIC outage remained largely unchanged. Effect estimates of the 1999 WH outage with all-cause and nonexternal-cause mortality moved closer to the null (Table S1).

Pooled Warm and Cold-Weather Outages {#s3.2}
------------------------------------

Twelve warm-weather events affected 1,014 to 481,420 electricity customers within 1 to 16 networks at any given time, with two occurring during a heat wave and one during Hurricane Irene ([Table 2](#t2){ref-type="table"}). Within 1 to 24 networks, 106 cold-weather power outages affected 78 to 25,909 electricity customers. Significant cold-weather events identified with outages included high winds, snowstorms, and Nor'easters (storms that develop when warm air from the Atlantic Ocean meets with cold air from the north and west). The mean daily count of all-cause deaths during May--September 2002--2013 across 16 networks was 4.0 ($\pm 1.5$), in comparison with 3.7 ($\pm 1.5$) during October--April 2002--2014 (excluding October--April 2012--2013) over 34 networks ([Table 3](#t3){ref-type="table"}).

###### 

Characteristics of localized power outages included in pooled analyses (2002--2014).

Table 2 lists characteristics of localized power outages in the first column. The corresponding n values, range, or median for network affected; n values, range, or median for total customers (meters); n percent, range, or median for customers (Meters); F values, range, or median for temperature; and weather event are listed in the other columns.

  Outage                                                    Networks Affected N, range, or median (min--max)[^*a*^](#t2n1){ref-type="table-fn"}   Total Customers (Meters) N, range, or median (min--max)[^*b*^](#t2n2){ref-type="table-fn"}   Customers (Meters) Out N (%), range, or median (min--max)[^*c*^](#t2n3){ref-type="table-fn"}   Temperature F, range, or median (min--max)[^*d*^](#t2n4){ref-type="table-fn"}  Weather Event[^*e*^](#t2n5){ref-type="table-fn"}
  -------------------------------------------------------- ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------- --------------------------------------------------
  Warm-weather[^*f*^](#t2n6){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                             
   July 8, 2008                                                                                      4                                                                                     215,172                                                                                     15,003 (7.0)                                                                                94                                        NSE
   July 6--7, 2010                                                                                 4--5                                                                                176,901--481,419                                                       176,901--481,420 (100--100)[^*g*^](#t2n7){ref-type="table-fn"}                                                       103                                       Heatwave
   Aug. 28--Sept. 1, 2011                                                                          1--14                                                                              27,004--1,053,215                                                                          1,505--90,175 (3.0--8.6)                                                                          76                                        Hurricane Irene
   Aug. 22--30, 2012[^*h*^](#t2n8){ref-type="table-fn"}                                             16                                                                                    1,262,270                                                                                    71,563 (5.7)                                                                                83                                        NSE
   May 19, 2013                                                                                      2                                                                                     200,661                                                                                     2,175 (1.1)                                                                                 61                                        NSE
   May 21, 2013                                                                                      2                                                                                      62,088                                                                                     7,159 (11.5)                                                                                87                                        NSE
   May 28, 2013                                                                                      1                                                                                     117,965                                                                                     1,014 (0.9)                                                                                 73                                        NSE
   May 30, 2013                                                                                      1                                                                                      33,671                                                                                     4,612 (13.7)                                                                                93                                        NSE
   June 6, 2013                                                                                      1                                                                                     117,965                                                                                     1,183 (1.0)                                                                                 73                                        NSE
   June 25, 2013                                                                                     1                                                                                      33,671                                                                                     4,908 (14.6)                                                                                95                                        NSE
   June 29, 2013                                                                                     1                                                                                     107,094                                                                                     1,442 (1.3)                                                                                 86                                        NSE
   July 15--20, 2013                                                                               2--3                                                                                139,292--255,751                                                                          3,236--12,290 (2.3--4.8)                                                                          98                                        Heatwave
  Cold-weather[^*i*^](#t2n9){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                             
   Jan. 29, 2007                                                                                     4                                                                                     241,406                                                                                      600 (0.2)                                                                                 27.9                                       NSE
   Feb. 21, 2007                                                                                     4                                                                                     241,406                                                                                      600 (0.2)                                                                                 42.9                                       NSE
   Feb. 12, 2009                                                                                     5                                                                                     388,744                                                                                      899 (0.2)                                                                                 50.7                                       Significant Wind
   March 3, 2009                                                                                     2                                                                                     212,548                                                                                      268 (0.1)                                                                                 20.9                                       Snowstorm
   Feb. 26--March 2, 2010                                                                          1--10                                                                              144,568--1,029,969                                                                          145--1,318 (0.1--0.6)                                                                           31.1                                       Snowstorm
   March 15--18, 2010                                                                              1--17                                                                              27,004--1,286,971                                                                           116--25909 (0.4--2.0)                                                                           44.8                                       Nor\'easter on 3/13
   Feb. 2, 2011                                                                                      5                                                                                     533,770                                                                                      1941 (0.4)                                                                                34.7                                       Snowstorm
   Oct. 30--Nov. 1, 2011                                                                           2--10                                                                               124,508--668,423                                                                           180--9,403 (0.1--1.4)                                                                           42.0                                       Nor\'easter on 10/29
   Dec. 2--30, 2013[^*j*^](#t2n10){ref-type="table-fn"}                                          2 (1-16)                                                                         254,752 (33,671--278,368)                                                                   486 (94--6,392) 0.2 (0.1--1.1)                                                                36.4 (24.9--60.4)                                NSE
   Jan. 1--31, 2014                                                                              4 (1-20)                                                                         328,900 (28,151--760,216)                                                                  885 (85--14,438) 0.2 (0.1--8.0)                                                                27.5 (8.7--49.0)                                 Snowstorm 1/3, 1/21-1/22
   Feb. 1--28, 2014                                                                              4 (1-24)                                                                        420,813 (89,163--2,088,226)                                                                1,183 (78--12,514) 0.2 (0.1--1.3)                                                               31.4 (17.6--47.6)                                Snowstorm 2/3, 2/13-2/14
   March 5--31, 2014[^*j*^](#t2n10){ref-type="table-fn"}                                          3 (1-7)                                                                         287,577 (61,753--806,005)                                                                  930 (245--7,215) 0.3 (0.1--2.1)                                                                43.1 (23.7--54.7)                                Significant Wind 3/13, 3/26

Note: NSE, no significant weather events were identified on outage days.

Networks affected by outage: number for outages on a single day, range for outages $> 1$ day, median (minimum--maximum) for outages grouped by month.

Total customers (meters) in the affected networks: number for outages on a single day, range for outages $> 1$ day, median (minimum--maximum) for outages grouped by month.

Total affected customers (meters): number (%) for outages on a single day, range for outages $> 1$ day, median (minimum--maximum) for outages grouped by month.

Maximum heat index or temperature for warm months, or mean temperature for cold months are shown: temperature on the first day for outages $> 1$ day, median (minimum-maximum) for outages grouped by month.

Weather events that could be identified on outage days are shown. Nor'easters are storms that develop when warm air from the Atlantic Ocean meets with cold air from the north and west.

Outages during May--Sept. with $\geq 1000$ customers without power in each network on each day of the outage.

100% of the customers in each network were without power for at least part of one of the two days (four networks on 6 July, five networks on 7 July).

Outages were only reported on August 22, 23, 24, 27, 29, and 30.

Outages during Oct.--April with $\geq 75$ customers without power in each network on each day of the outage. Outages were reported nearly every day during Dec. 2013--March 2014.

Outages were identified within the specified timeframe only and not for the whole month.

###### 

Number of networks, and network and daily mean counts of health outcomes included in pooled analyses of local power outages in New York city, for warm and cold months, 2002--2014.

Table 3 lists outcomes in the first column; the corresponding study period, number of networks, mean plus or minus SD count of network, and daily mean plus or minus SD for warm months (May to September) and cold months (October to April) are listed in the other columns.

  Outcome            Warm (May--Sept.)                                          Cold (Oct.--April)                                                                                                                       
  ------------------ --------------------------------------------------------- -------------------- ------------------ --------------- ---------------------------------------------------------- ---- ----------------- ---------------
  Mortality          May-Sept. 2002--2013[^*d*^](#t3n4){ref-type="table-fn"}                                                            Oct.--Apr. 2002--2014[^*e*^](#t3n5){ref-type="table-fn"}                                 
   All-cause                                                                            16           $7298 \pm 2766$    $4.0 \pm 1.5$                                                             34    $8727 \pm 3421$   $3.7 \pm 1.5$
   Non-external                                                                         16           $6930 \pm 2599$    $3.8 \pm 1.4$                                                             33    $8492 \pm 3123$   $3.6 \pm 1.3$
  Hospitalizations   May-Sept. 2002--2013[^*d*^](#t3n4){ref-type="table-fn"}                                                                             Oct.--Apr. 2002--2012                                                   
   CVD                                                                                  18           $11071 \pm 5978$   $6.0 \pm 3.3$                                                             22    $14465 \pm 714$   $6.8 \pm 3.4$
   Respiratory                                                                          12           $3683 \pm 1568$    $2.0 \pm 0.9$                                                             19    $5947 \pm 3428$   $2.8 \pm 1.6$
   Renal                                                                                14           $3903 \pm 1310$    $2.1 \pm 0.7$                                                             18    $4321 \pm 1430$   $2.0 \pm 0.7$

Note: CVD, cardiovascular disease; SD, standard deviation.

The Long Island City network (2006 LIC outage) was excluded.

The mean number of counts per network during the study period.

Daily mean number of counts were calculated for each network and then averaged across all networks.

Study period excluded 14--15 Aug. 2003 (citywide outage).

Study period excluded Oct. 2012--April 2013 (time period affected by Superstorm Sandy).

In contrast with the individual outages, which also occurred during warm months, pooled estimates of associations with localized warm-weather outages did not indicate associations with all-cause mortality or nonexternal mortality ([Table 4](#t4){ref-type="table"}, Figure S1). Heterogeneity among network-specific estimates of associations with mortality was low ($I^{2} = 0–32\%$). Pooled estimates for warm-weather outages and hospitalizations for respiratory disease and CVD were weakly negative ([Table 4](#t4){ref-type="table"}). Pooled estimates indicated positive associations with hospitalizations for renal disease at later lags, with the strongest association at lag 2 \[$\text{RR} = 1.17$ (95% CI: 1.03, 1.33), $I^{2} = 4\%$\] that was similar to the association estimated for the 2003 citywide outage ([Figure 4](#f4){ref-type="fig"}, Table S1). Associations were not changed after removing temperature from the models (Table S6). Decreasing the cut-off of customer outages to at least 150 did not alter associations with all-cause and nonexternal-cause mortality, but associations with each of the three causes of hospitalizations were closer to the null (Tables S6).

###### 

Pooled estimates for outages and health outcomes (with 95% CI) according to lag period and season.

Table 4 lists outcome and lag in the first column; the corresponding pooled RR (confidence interval) and I squared values for warm months (May to September) and cold months (October to April) are listed in the other columns.

  Outcome & Lag                             Warm (May--Sept.)   Cold (Oct.--April)                       
  ----------------------------------------- ------------------- -------------------- ------------------- ----
  Mortality, All-cause                                                                                    
   $\text{Lag}_{0}$                         1.04 (0.93, 1.16)   32                   1.05 (1.00, 1.09)   0
   $\text{Lag}_{01}$                        1.00 (0.88, 1.14)   20                   1.06 (1.01, 1.12)   0
   $\text{Lag}_{02}$                        1.03 (0.90, 1.17)   4                    1.06 (1.00, 1.13)   0
   $\text{Lag}_{03}$                        1.04 (0.90, 1.21)   13                   1.02 (0.95, 1.09)   0
  Mortality, Non-external                                                                                 
   $\text{Lag}_{0}$                         1.04 (0.90, 1.17)   32                   1.05 (1.00, 1.09)   0
   $\text{Lag}_{01}$                        1.00 (0.88, 1.13)   15                   1.06 (1.01, 1.12)   0
   $\text{Lag}_{02}$                        1.02 (0.89, 1.15)   0                    1.07 (1.00, 1.14)   0
   $\text{Lag}_{03}$                        1.03 (0.90, 1.19)   0                    1.03 (0.96, 1.10)   0
  Hospitalizations, Respiratory Disease                                                                   
   $\text{Lag}_{0}$                         0.91 (0.77, 1.06)   0                    0.94 (0.82, 1.08)   0
   $\text{Lag}_{01}$                        0.95 (0.79, 1.15)   0                    0.85 (0.71, 1.01)   0
   $\text{Lag}_{02}$                        0.88 (0.70, 1.09)   0                    0.87 (0.71, 1.07)   0
   $\text{Lag}_{03}$                        0.90 (0.71, 1.14)   0                    0.77 (0.61, 0.97)   0
  Hospitalizations, CVD                                                                                   
   $\text{Lag}_{0}$                         0.95 (0.88, 1.02)   0                    1.13 (1.03, 1.24)   20
   $\text{Lag}_{01}$                        0.94 (0.86, 1.02)   0                    1.14 (1.03, 1.26)   9
   $\text{Lag}_{02}$                        0.93 (0.84, 1.03)   0                    1.08 (0.95, 1.23)   18
   $\text{Lag}_{03}$                        0.91 (0.80, 1.04)   28                   1.06 (0.92, 1.21)   4
  Hospitalizations, Renal Disease                                                                         
   $\text{Lag}_{0}$                         0.98 (0.86, 1.12)   0                    1.06 (0.91, 1.23)   0
   $\text{Lag}_{1}$ (Warm) or ~01~ (Cold)   1.10 (0.97, 1.24)   0                    1.06 (0.87, 1.28)   0
   $\text{Lag}_{2}$ (Warm) or ~02~ (Cold)   1.17 (1.03, 1.33)   4                    1.08 (0.86, 1.35)   0
   $\text{Lag}_{3}$ (Warm) or ~03~ (Cold)   1.16 (1.00, 1.34)   21                   1.04 (0.80, 1.35)   0

Note: RR, relative risk; CI, confidence interval; CVD, cardiovascular disease.

14--15 Aug. 2003 (citywide outage) and the Long Island City network (2006 LIC outage) were excluded from analyses. Regression models adjusted for temperature effects, day of the week, holiday, year, and within-season temporal trends.

Index for assessing heterogeneity across the networks.

Oct. 2012--April 2013 season was excluded from analyses of hospitalizations. Regression models adjusted for temperature effects, day of the week, holiday, year, and within-season temporal trends.

The heterogeneity of the networks included in analyses of cold-weather outages and health outcomes was generally low ($I^{2} = 0–20\%$, [Table 4](#t4){ref-type="table"}). Cold-weather power outages were positively associated with all-cause mortality \[$\text{lag}_{01}$ $\text{CRR} = 1.06$ (95% CI: 1.01, 1.12)\], with similar associations observed for nonexternal-cause mortality ([Table 4](#t4){ref-type="table"}, Figure S2). Cold-weather outages also were positively associated with CVD hospitalizations at all lags, but associations were stronger for the same day and at $\text{lag}_{01}$ \[$\text{CRR} = 1.14$ (95% CI: 1.03, 1.26)\] ([Table 4](#t4){ref-type="table"}). Cold-weather outages were inversely associated with respiratory disease hospitalizations, with the association at $\text{lag}_{03}$ reaching statistical significance \[$\text{CRR} = 0.77$ (95% CI: 0.61, 0.97)\]. Unlike warm-weather outages, cold-weather outages were not significantly associated with renal disease hospitalizations at any lag. Associations were not changed after removing temperature from the models (Table S7). Increasing the cut-off of customer outages to at least 150 did not change associations for most outcomes, but associations became slightly stronger for CVD hospitalizations (Table S7).

Discussion {#s4}
==========

Our results suggest that localized power outages may affect health outcomes. However, although some findings were consistent for different outages, others were not (e.g., positive associations between hospitalization for respiratory diseases and the 2003 citywide and 2006 LIC outages, but an inverse association with other smaller outages during warm months). We also found some evidence of variation by season, though comparisons are somewhat limited by the different criteria used to define outages during warm and cold months. Findings for the 2003 citywide outages were generally consistent with previous studies of the same outage ([@c2]; [@c22]), but also included expanded analyses of specific causes of mortality and hospitalizations.

Localized, Warm-Weather Outages and Health Impacts {#s4.1}
--------------------------------------------------

Our findings indicated positive associations of the smaller 1999 WH and 2006 LIC outages with all-cause and nonexternal-cause mortality that were less precise but generally consistent with corresponding estimates for the larger citywide outage in 2003. However, associations with warm-weather outages that were pooled over multiple networks were null for both outcomes. The 1999 WH and 2006 LIC outages disrupted subway service and elevators ([@c30]; [@c38]), and both outages coincided with a heat wave, which may have compounded the effects of a loss of air conditioning. Extreme heat is strongly associated with mortality ([@c24]). Although we adjusted for maximum daily heat index or temperature, we were not able to evaluate possible modification of the effects of power outages by high temperatures. In contrast, the pooled estimates were based on outages that generally affected fewer electricity customers, which may have been less disruptive of mass transit systems and other services, and most of the individual outages were not associated with a significant weather event. In addition, the low percent of electricity customers without power in each network, and our lack of individual-level exposure data, likely introduced considerable exposure misclassification, which may have attenuated any effects in the observed data.

Our observed effect estimate of the 2003 citywide outage for respiratory hospitalizations compared to nonoutage days during May--September 2001--2005 \[$\text{lag}_{0}$ $\text{RR} = 3.51$ (95% CI: 3.08, 3.99)\] was consistent with a previous report comparing hospitalizations for respiratory illnesses during the 2003 outage with normal summer days during June-August 1991--2004 \[$\text{lag}_{0}$ $\text{RR} = 3.87$ (95% CI: 3.00, 5.04)\] ([@c22]), but our risk estimates considering multiday impacts \[e.g., $\text{lag}_{02}$ $\text{CRR} = 5.26$ (95% CI: 4.13, 6.70)\] were even larger. Consistent with these findings, we observed a large increase \[$\text{lag}_{02}$ $\text{CRR} = 2.26$ (95% CI: 1.08, 4.74)\] in the risk of respiratory hospitalizations with the 2006 localized outage. A 2010 study reported that the total number of respiratory hospitalizations that occurred within the eight affected zip codes during 17--27 July 2006 was proportionate to counts in the same areas for the rest of the month, and admissions in the affected areas were not greater in July 2006 in comparison with those of July 2005 or July 2007 ([@c32]). In contrast with the previous study, our analysis adjusted for confounding and daily variations and compared health outcomes on the outage days to nonoutage days over a 9-y study period.

The 2006 localized and 2003 citywide outages were unique events, but they presented similar challenges, including exposure to warm temperatures worsened by lack of air conditioning and impaired transit systems and elevators, situations that may have exacerbated underlying respiratory conditions ([@c3]; [@c17]). In contrast, the warm-weather outages pooled across networks were not positively associated with respiratory disease hospitalizations, suggesting that only some localized events may have an impact on this health outcome that is similar to a larger event, albeit for smaller population groups. The majority of the warm-weather outages affected small portions of networks, and although some events may have lasted more than one day, the duration could have been shorter for specific networks, which may have had minimal impact on network residents.

Pooled, warm-weather outages were associated with renal disease hospitalizations with the strongest associations at lags 2 and 3, consistent with our observation that the 2003 citywide outage was associated with this outcome at lag 3. A prior study did not observe an increase in renal disease hospitalizations during the 2003 outage upon inspection of time-series plots of daily counts from June to August 2003, and lagged associations were not evaluated ([@c22]). A case--crossover study of hospitalizations for several renal diseases in New York State (1991--2004) reported positive associations with higher daily mean temperature at lags ranging from 1 to 4 ([@c13]). It is possible that the mechanisms by which outages affect renal health may also have delayed effects. Heat and dehydration can disrupt fluid balance and put stress on renal and urinary systems ([@c5]). Although we controlled for ambient heat, additional physical exertion and heat exposure sustained during some of the localized outages, even if confined to smaller areas, may have led to worse renal outcomes. The outages may also have affected people's ability to keep dialysis appointments. In contrast, there was no indication of a positive association between renal hospitalizations and the 2006 power outage. However, given the lower counts for the area, and the relatively small effect size found in the 2003 and the pooled, warm-weather power outages \[$\text{RR} \sim 1.2$\], this lack of association was not surprising.

Localized, Cold-Weather Outages and Health Impacts {#s4.2}
--------------------------------------------------

In contrast with null findings for pooled, warm-weather outages, estimates based on pooled, cold-weather outages indicated positive associations with all-cause and nonexternal-cause mortality and CVD hospitalizations. Cold-weather power outages present different risk factors than warm-weather outages present. Typical residential buildings in NYC, including single-family houses and high-rise apartments, would not be able to stay warm during a winter blackout, increasing exposure to lower temperatures ([@c40]). Low temperature has been associated with increased risk of mortality ([@c8]; [@c15]). Previous studies have also reported positive associations of cardiovascular hospitalizations with lower temperature ([@c33]), though associations may be with specific subgroups ([@c23]). Exposure to lower temperatures inside the home may increase when a power outage occurs and exacerbate underlying cardiovascular disease.

Citywide 2003 Outage and Specific Health Impacts {#s4.3}
------------------------------------------------

The 2003 power outage was a major event that affected the northeastern region of the United States, including all of NYC. Similar to researchers in a previous study ([@c2]), we observed immediate associations between the 2003 outage and mortality. We further supported their findings of a stronger association with accidental deaths than with nonaccidental deaths, with results showing that the associations for external-cause mortality were greater in magnitude (but much less precise) on the same day, and additionally for the previous day, in comparison with nonexternal causes.

Our findings suggest that certain types of CVD conditions, such as heart failure and myocardial infarction, may be more likely to cause deaths or hospitalizations during an outage than others. The 2003 outage prevented people from using public transportation or their cars, causing many to walk home, and for some, across boroughs -- a situation unique to a citywide outage. The increased physical exertion coupled with the psychological stress ([@c14]) of trying to get home may have contributed to increased hospitalizations and deaths due to specific types of CVD.

Our analysis further showed differences in associations among specific causes of respiratory hospitalizations, as seen in another study ([@c22]). We also observed a substantial increase \[$\text{CRR} > 5$\] in hospitalizations for medical device failure, consistent with a study showing that respiratory device failure contributed the most to respiratory ED visits at Montefiore Medical Center ([@c34]). Our results are also in line with a report of increases in EMS calls due to respiratory-related complaints in Yonkers, half of which were attributed to home medical device failure ([@c35]). This preponderance of evidence indicates potentially serious implications of power outages for those who require electricity-dependent home medical devices.

Our study was primarily limited by our simple assignment of health outcomes at residential address to the networks that experienced power outages. Without individual- or household-level data on where outages occurred, we could not determine if the case was actually exposed. For the 1999, 2003, and 2006 power outages, the exposed population could be clearly defined, though we still could not ascertain if the case was actually at the residential address at the time of the power outage or if they had alternative power sources. For the analysis of the 2002--2014 power-outage data from NYSPSC, an additional limitation was that power-outage exposure was assigned to a network where only a fraction of the total electricity customers experienced an outage, resulting in exposure misclassification likely with varying degrees of severity resulting in a downward bias. This assignment was the only feasible approach, given the available outage data. The currently available power-outage data-collection system, which was not designed for epidemiological studies, had additional limitations primarily related to inconsistencies in outage reporting and lack of outage duration information.

Misclassification of outage exposure could have also been introduced by our definition of power outage days. For instance, defining warm outages as at least 1,000 customers without power may have excluded smaller outages that may have been important from a public health perspective, whereas defining cold outages as at least 75 customers without power may have included small outages of little public health importance. Although most of our findings were not modified when we changed warm- and cold-outage definitions to at least 150 customers out, some associations were strengthened or weakened after increasing and decreasing the cut-off, respectively. Also, we combined a wide range of outages across 2002 through 2014 that affected networks at different times and with varying severity. If building-level power-outage data with time and duration become available, then exposure assignment will be greatly improved. Finally, the analyses of localized power outages were inherently challenging in terms of statistical power. Nevertheless, we found positive associations for several outcomes that were consistent with those found in the 2003 citywide power outage.

Conclusion {#s5}
==========

Our study suggests that localized power outages may adversely affect health. The 2006 outage, which affected part of the LIC network, was associated with respiratory hospitalizations, consistent with the citywide 2003 outage. Our findings also suggest that the 2006 and 1999 outages may have had substantial effects on mortality, comparable to the citywide outage but on a smaller scale. Localized warm-weather outages that occurred in NYC during 2002--2013 were not associated with mortality but were associated with hospitalizations for renal disease. In contrast, cold-weather outages were associated with all-cause mortality and cardiovascular disease hospitalizations. Limitations of the exposure data could have masked potential associations or biased results; finer-scale data consistently collected over time are needed to identify individual-level exposure to power outages. Despite these limitations, we found associations between localized outages and health. This information can inform emergency planning for smaller, relatively more frequent outages, and it further supports ongoing efforts in NYC to make the electric grid resilient to climate change ([@c37]).

Supplemental Material
=====================

###### 

Click here for additional data file.
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